Background and Aims: Crohn's disease is a chronic inflammatory disorder of the intestine and often leads to fibrosis, characterized by excess extracellular matrix [ECM] deposition, increased tissue stiffness, and stricture formation. Here we evaluated the contribution of myofibroblast-ECM interactions to the development of intestinal fibrosis in Crohn's disease. Methods: Matched primary human myofibroblasts were isolated from stenotic, inflamed and normal-appearing small intestine within the same Crohn's disease patient [n = 10]. Cells were analyzed by gene expression profiling, microscopy and functional assays, including matrix metalloproteinase [MMP] production and ECM contraction. Results: We demonstrated that myofibroblasts isolated from stenotic intestine differed both in phenotype and function from those isolated from purely inflammatory or normal-appearing intestine of the same patient. Stenotic myofibroblasts displayed increased expression of genes associated with ECM modulation and collagen deposition. Upon culture in a fibrotic environment, normal myofibroblasts increased expression of MMPs to counteract the mechanical force exerted by the matrix. Interestingly, stenotic myofibroblasts showed a paradoxical response with decreased expression of MMP3. In addition, stenotic myofibroblasts expressed increased levels of the collagen crosslinking enzyme lysyl oxidase [LOX] and induced significantly more ECM contraction than both normal and inflamed myofibroblasts. Importantly, LOX inhibition completely restored MMP3 activity in stenotic myofibroblasts grown in a fibrotic environment, and prevented excessive ECM contraction. Conclusions: Together these data indicate aberrancies in the myofibroblast-ECM interaction in Crohn's disease, and identify LOX inhibition as a potential anti-fibrotic agent in this condition.
Introduction
At diagnosis, most patients with Crohn's disease present with a primarily inflammatory disease phenotype. Around 5% of patients have a stricture within 90 days of diagnosis, 1 but over time this increases up to 30%. 2 Although the therapeutic armamentarium for Crohn's disease has improved significantly over the past decade, this has not led to a reduction in the volume of surgery performed for intestinal strictures, 3 indicating a clear unmet need for these patients. Fibrosis is characterized by the formation of excess amounts of extracellular matrix [ECM] components such as collagen and fibronectin. 4 In the intestine, the end stage of fibrosis is stricture formation with narrowing and obstruction of the lumen. Extracellular matrix production is a normal component of tissue repair, but can evolve into an irreversible, progressive fibrotic response if tissue injury is severe or if there are repeated cycles of inflammation-as is the case in Crohn's disease. In line with this, intestinal inflammation is a necessary precondition for the initiation of fibrosis, but once the fibrotic process has started, progression may occur independently of inflammation. 5 In normal wound healing, ECM deposition is regulated by production of its components and the activity of modulating enzymes, including matrix metalloproteinases [MMPs] , which cleave ECM proteins. However, a dysregulation of MMP and/or ECM production results in fibrosis instead of normal wound healing. 6, 7 Accumulation of ECM components, of which collagen is most abundant, can lead to increased tissue stiffness, which in turn activates myofibroblasts, leading to further enhanced ECM production, 8, 9 thus resulting in a vicious circle. In a rat model for liver fibrosis, as well as in patients with hepatitis C, it has been shown that increased tissue stiffness precedes fibrosis, 10, 11 highlighting the importance of the ECM and tissue rigidity in the fibrotic process.
Previous studies on the role of fibroblasts in Crohn's disease have mainly compared the fibroblasts of patients with Crohn's disease with those of control patients, [12] [13] [14] or made use of the human colonic fibroblast cell line ccd18-co. 5, 15 One study compared stenotic and normal tissue-derived fibroblasts within the same patients, with a focus on transforming growth factor-β-driven mechanisms, 6 and another focused on the role of microRNA in fibrosis. 16 Unfortunately, these studies did not include fibroblasts from inflamed ileum. Because of the sequential order in Crohn's disease, in which normal ileum evolves into inflamed ileum and eventually into stenotic ileum, we aimed to investigate the phenotype and function of myofibroblasts isolated from stenotic ileum compared with the phenotype and function of myofibroblasts from inflamed and normal-appearing ileum from the same patients. Furthermore, we used an unbiased approach and analyzed the full transcriptome of these cells.
Our results show that human stenotic ileal myofibroblasts have a phenotype that is distinct from myofibroblasts isolated from normalappearing or inflamed [but not stenotic] areas of the same patient. Specifically, stenotic myofibroblasts show a paradoxical response to increased tissue stiffness, with decreased expression of MMP3 activity upon increased stiffness. In addition, stenotic myofibroblasts express increased levels of the collagen crosslinking enzyme lysyl oxidase [LOX] , further contributing to tissue rigidity. LOX inhibition completely reverses this behavior and prevents matrix contraction by stenotic myofibroblasts. These results suggest that LOX inhibition may be a possible anti-fibrotic therapy in Crohn's disease.
Methods

Patient selection
Myofibroblasts were isolated from the ileum of 10 Crohn's disease patients undergoing resection of symptomatic ileal strictures in the Academic Medical Center, the Netherlands [patient characteristics in Table 1 ]. The local medical ethical committee [IRB] approved the study. All patients provided signed informed consent.
Myofibroblast isolation
Myofibroblasts were isolated from the lamina propria of normal-, inflamed-only-and stenotic-appearing ileum of the same patient [method adapted from that of reference Owens et al. 17 ]. Surgical specimens were cut open and fecal content was removed. The mucosa was separated from the submucosa mechanically and subsequently washed extensively in ice-cold PBS supplemented with 1% penicillin/ streptomycin and 40 μg/ml G418 [PGA]. The mucosa was chopped up very finely, placed in RMPI-1640 [Invitrogen] supplemented with 1.5 mg/mL collagenase A [Roche, Germany], minced using the Gentlemacs Dissociator [Miltenyi Biotec, Leiden, the Netherlands], incubated at 37°C for 60 min, and further dissociated using another cycle of Gentlemacs. Cells were washed extensively with PGA before plating in RMPI-1640 with 10% FCS, 1% penicillin/streptomycin, 1% L-glutamin, G418 [40 μg/ml; Lonza, Leusden, the Netherlands] and amphotericin B [0.025 μg/ml; Gibco, Rockford, IL]. Importantly, myofibroblasts of normal-, inflamed-only-and stenotic-appearing ileum were paired from the same patient and at the same passage with the same cell density for individual experiments. Primary myofibroblasts were used at Passages 1-4. Ccd18-co colonic human fibroblast cell line was obtained from ATCC [Manassas, VA] cultured in DMEM [Lonza] supplemented with 10% FCS, 1% penicillin/ streptomycin, 1% L-glutamin, G418 [40 μg/ml] and amphotericin B [0.025 μg/ml]. All cells tested negative for Mycoplasma. Cell proliferation of myofibroblasts from normal-, inflamed-only-and stenotic-appearing ileum was measured by plating 50 × 10E3 cells/ well in a flat-bottomed 96-well plate.
3 H-thymidine was added for For flow cytometry, cells were isolated, fixed in 2% PFA, permeabilized in 0.1% Triton X/5 mM EDTA in PBS and stained using anti-desmin, anti-vimentin and anti-alpha-sma, followed by antirabbit-AF546 and anti-goat-AF647. ; for more specific MMP2 activity, the ×10 buffer consisted of 500 mM MOPS, 100 mM CaCl 2 , 100 μM ZnCl 2 , 0.5% Brij-35, pH 7.0, and for even more specific MMP3 activity, the ×10 buffer consisted of 500 mM MES, 100 mM CaCl 2 , 0.5% Brij-35, pH 6.0, all diluted with cell culture supernatant. Fluorescence was detected by Novostar 700-0055 apparatus [BMG Labtech, Ortenberg, Germany] at a 320/405 wavelength by kinetic measurements every 100 s. Results are expressed as relative fluorescence increase compared with fluorescence intensity at the moment of stable background levels. LOXL2 and TGFb1 protein concentrations were measured using commercial human Duoset kits [R&D Systems, Minneapolis, MN].
Stiffness-controlled extracellular matrix gels
Tissue stiffness experiments were performed as described before. 21 In brief, round glass coverslips were treated with HCl, 3-aminopropyltriethoxysilane and glutaraldehyde each time, followed by extensive washing with PBS. Collagen-coated polyacrylamide gels of 2.8 and 30 kPa were generated using varying ratios of 40% acrylamide and 2% bisacrylamide [Bio-rad], supplemented with 0.6% ammonium persulfate and 0.4% TEMED. Acrylamide gels were polymerized on treated coverslips by inverting the coverslips onto the acrylamide/bisacrylamide solution. After polymerization, coverslips were rinsed extensively with PBS. The acrylamide gels were crosslinked with 2.5 mg/ mL sulfo-SANPAH [Thermo Scientific, Rockford, IL] at a wavelength of 365 nm in a Stratagene UV crosslinker oven [Stratagene, La Jolla, CA] delivering 7500 J energy in total, followed by UV sterilization. The coverslip-gels were placed in a 12-well tissue culture plate and coated with 2 mg/mL rat tail collagen I [BD Biosciences]. After 4 h incubation, cells were seeded at a density of 40 000 cells/well. For all experiments, paired cells were cultured for 3 days.
Extracellular matrix contraction assay
To assess force-mediated matrix remodeling, 22 150 000 myofibroblasts were embedded in 50 μL matrigel/collagen I mix, yielding a final collagen concentration [BD Bioscience] of 4.6 mg/mL and a final Matrigel concentration [VWR, Radnor, PA] of 2.2 mg/mL, and seeded on a 35-mm glass-bottom dish [MatTek, Ashland, MA]. After 30 min polymerization, cells were maintained in full growth medium with or without LOX inhibitor. Images were obtained daily for 7 days, and the diameter of the gel was measured using ImageJ software. Data are shown as the decrease of the circumference of the gel relative to Day 0.
Statistical analysis
Data were analyzed using Graphpad Prism 7.0 [Graphpad Software Inc., La Jolla, CA]. The Kruskal-Wallis test with post-hoc analysis, or the Mann-Whitney-U test, were performed to compare data. Extracellular matrix contraction assays were analyzed as area under the curve, with a paired t-test afterwards. A P-value of <0.05 was considered statistically significant.
Results
Stenotic myofibroblasts differed in ECM organization and collagen production
In order to investigate the phenotype and function of myofibroblasts from different regions of Crohn's disease intestinal tissue, cells were isolated from patients undergoing surgery for stricturing disease of the ileum. The ileum of all these patients was considerably narrowed and the bowel wall was thickened. Macroscopically non-inflamed as well as non-stenotic [henceforth referred to as 'normal'], inflamedonly and stenotic regions were identified within each individual patient [ Figure 1a ], and cells were isolated from all three areas separately. The nature of the regions used for isolation was confirmed by immunohistochemistry [ Figure 1b] . Indeed, areas designated as 'inflamed-only' displayed significantly more CD3+ cells than either 'normal' or 'stenotic' regions. Areas designated 'stenotic' showed increased presence of ECM compared with normal and inflamedonly areas. Numbers of CD3+ cells in stenotic regions were intermediate between 'normal' and 'inflamed-only', in line with an expected mixed fibrotic/inflammatory phenotype. Of note, some infiltration of CD3+ cells was observed in the 'normal' areas, representing the gradient that occurs in the inflammatory response seen in Crohn's disease patients. No apparent differences could be observed in cellular morphology, nor in expression of [myo]fibroblast markers alpha smooth muscle actin, desmin and vimentin [Supplementary figure 1] . Myofibroblasts isolated from inflamed-only areas proliferated much faster than myofibroblasts from normal and stenotic mucosa, as quantified both by thymidine incorporation assay and xCelligence impedance measurements [ Figure 1c ]. This effect remained stable over multiple passages [data not shown], excluding the confounding effect of inflammatory cytokines present directly after myofibroblast isolation. Interestingly, myofibroblasts obtained from stenotic regions displayed proliferation similar to normal myofibroblasts.
To further evaluate similarities and differences between normal and stenotic myofibroblasts, we performed transcriptional analysis on myofibroblast populations isolated from eight individual patients. When comparing normal and stenotic myofibroblasts, pathway analysis using Ingenuity software revealed alterations in pathways involved in cell-cell and cell-matrix interactions, including fibrotic responses and MMPs [ Table 2 ]. Gene set enrichment analysis [GSEA] showed significant enrichment of genes associated with ECM organization and collagen production in stenotic myofibroblasts compared with in those from normal tissue regions [ Figure 1d ]. As stenotic areas did display varying degrees of inflammation, stenotic myofibroblasts were also compared with those obtained from the inflammation-only areas. Again, genes associated with ECM organization and collagen production were increased in the stenotic myofibroblasts, suggesting the results are not merely the consequence of residual inflammation in the stenotic areas [ Figure 1e and f]. Collectively, we showed that myofibroblasts isolated from stenotic, inflamed-only and normal-appearing regions of the ileum within the same patient have different phenotypes and that stenotic myofibroblasts are distinct from both inflamed-only and normal myofibroblasts in terms of ECM organization and collagen production.
Paradoxical response to tissue stiffness of myofibroblasts in MMP3 activity
Transcriptional analysis suggested that several MMP transcripts were significantly more highly expressed in myofibroblasts from stenotic ileum compared with in myofibroblasts from both inflamed-only and normal ileum [ Figure 1f ]. This is counterintuitive, as MMPs are endopeptidases involved in the degradation of ECM proteins, which cause stenosis, so it would be reasonable to expect reduced MMP activity in stenotic lesions in patients with Crohn's disease. Indeed, previously published studies have shown that MMP protein expression and activity levels decreased in mucosa overlying stenotic ileum in vivo. 6 We corroborated the transcriptional data using enzyme activity assays, which not only measure MMP protein levels but also take into account the effects of their natural inhibitors [TIMPs] . In accordance with the transcriptional data, MMP activity was increased in stenotic myofibroblasts compared with in both normal and inflamed-only myofibroblasts when cultured in the absence of ECM [ Figure 2a ]. This was seen when analyzing global MMP activity as well as more specific MMP2 and MMP3 activity. This remarkable discrepancy might originate from a different physical environment in stenotic lesions compared with that in normal ileum, with high tissue stiffness in fibrostenosis. It has previously been shown that normal ileum has a compliance of ~2.8 kPa, which increases up to 30 kPa in the stenotic region of a Crohn's ileum. 23 The effect of stiffness can be mimicked in vitro by embedding cells in gels containing varying amounts of ECM components. 21 As expected, myofibroblasts isolated from normal-appearing mucosa increased MMP3 activity when cultured in stiff 30 kPa conditions, indicating that an increase in tissue stiffness activates a compensatory activation of MMPs in normal myofibroblasts. In sharp contrast, the MMP3 activity of stenotic myofibroblasts was low in a matrix that mimicked their native environment [30 kPa] and paradoxically increased when environmental pressure was decreased to 2.8 kPa [ Figure 2b ]. Interestingly, we found that the human colonic fibroblast cell line ccd18-co had the same MMP3 activity pattern, with low activity in a stiff environment and a paradoxical increase in MMP3 activity in soft matrix, indicatingthat this cell line may display a more stenotic phenotype [ Figure 2c ]. Collectively our data show that normal myofibroblasts increase their MMP3 activity in stiff matrix, presumably in order to degrade ECM, and counteract the increased compliance. In contrast, stenotic myofibroblasts display an aberrant response to a stiff tissue environment, with reduced MMP3 activity.
Enhanced ECM contraction in stenotic myofibroblasts in vitro
In vivo, intestinal fibrosis is characterized by excess ECM production, of which collagen is one of the major components. 4 Increased collagen deposition leads to tissue scarring and subsequent contraction of the tissue, and may result in stenosis. 24 Indeed stenotic myofibroblasts displayed increased expression of COL1A1, COL5A1 and COL11A1 compared with cells isolated from the normal but not the inflamed-only regions [ Figure 3a ]. The functional capacity of stenotic myofibroblasts to induce ECM contraction in vitro, using the collagen/matrigel contraction assay, is a validated method for measuring cellular contractility within an ECM. 22 Cells are cultured in a gel matrix that contracts upon collagen deposition [similar to the contraction seen during fibrosis in vivo]. In this assay, stenotic myofibroblasts caused substantially more ECM contraction than myofibroblasts isolated from either inflamed-only or normal-appearing mucosa from the same patient [ Figure 3b ], consistent with tissue contraction of stenotic tissue in vivo. The ccd18-co cell line caused contraction of the ECM as well, again showing a striking resemblance to the phenotypic characteristics of stenotic myofibroblasts [ Figure 3c ].
LOX inhibition restored MMP3 activity and decreased ECM contraction in stenotic myofibroblasts
Collagen is produced and secreted as a soluble protein. After secretion, crosslinking of individual fibrils results in collagen deposition and consequently increased tissue stiffness. 25 Key enzymes in this process are the LOX family members LOX, lysyl oxidase-like-1 PLOD3  COL5A1  COL9A3  COL1A2  COL1A1  COL5A2  COL8A1  COL16A1  FURIN  LEPREL2  GLT25D1  PLOD1  MMP2  GLT25D2  ADAMTS2   TIMP2  BMP1  COL6A3  COL6A1  COL7A1  SERPINH1  COL13A1   TLL1  COL3A1  COL2A1  COL5A1  PLOD2  COL6A2  P4HB  CRTAP  COL4A2  MMP17  TIMP1  COL11A2  PCOLCE  COL4A1  MMP16  PRSS2  COL17A1  PCOLCE2  MMP24  TLL2  MMP1  COL4A5  MMP11  LEPREL1  ADAMTS3  COL8A2  MMP3  COL24A1  MMP10  COL5A3 [LOXL1] and lysyl oxidase-like-2 [LOXL2]. These enzymes are primarily responsible for the covalent crosslinking of collagen and elastin in the ECM. 26 In addition, LOX can interact with fibronectin, another ECM component. In turn, fibronectin can increase LOX activity, leading to a positive feedback loop with further collagen crosslinking and tissue stiffness. 27, 28 Enhanced LOX activity may thus be associated with increased formation of stenotic lesions. Interestingly, on the transcriptional level, LOX and LOXL2 expression were increased in myofibroblasts isolated from stenotic ileum, with a similar trend for LOXL1 [ Figure 4a ]. Likewise, secretion of LOXL2 protein was significantly higher in stenotic myofibroblasts than in normal myofibroblasts [ Figure 4b ]. Finally, immunohistochemistry confirmed increased expression of LOX in stenotic regions in vivo [ Figure 4c ].
As we observed that stenotic myofibroblasts showed an aberrant suppression of MMP activity in response to a stiff microenvironment, altering the microenvironment might change the phenotype of myofibroblasts. Therefore, we hypothesized that blocking collagen crosslinking by inhibition of the LOX enzyme family might restore MMP activity in stenotic myofibroblasts, which could result in resolution of the accumulated ECM. Focal adhesion kinase [FAK] is a downstream signaling transducer of LOX which is important for cell-matrix interaction, 29 and inhibiting LOX reduced expression of FAK, as seen by immunofluorescence staining [ Figure 5a ]. In line with our hypothesis, inhibiting LOX in ccd18-co fibroblasts [which show responses to environmental cues comparable with those of stenotic myofibroblasts] strongly increased the activity of MMP3 when cultured under stenotic conditions [30 kPa] . In fact, MMP3 activity under these conditions was comparable with that seen in myofibroblasts cultured under normal 2.8 kPa conditions [ Figure 5b ]. Similarly, in primary myofibroblasts isolated from stenotic mucosa, MMP3 activity increased when these myofibroblasts were cultured in a stiff matrix in the presence of the LOX inhibitor [ Figure 5c ]. Interestingly, direct inhibition of FAK using the small molecule Defactinib did not alter MMP3 activity [ Figure 5d ].
To test the hypothesis that LOX inhibition also functionally decreases ECM contraction, we cultured ccd18-co fibroblasts in the contraction assay. Upon LOX inhibition, ECM contraction decreased significantly in the gels with LOX inhibition compared with that in the control gels [ Figure 5e ]. As we showed earlier, myofibroblasts from stenotic ileum exhibited more ECM contraction than normal myofibroblasts [ Figure 3a ], but this phenotype was reversed upon culture in the presence of a LOX inhibitor [ Figure 5f ]. Importantly, the inhibitor had very limited effect on the ECM contraction levels of myofibroblasts from normal and inflamed-only mucosa [data not shown], showing that LOX activity specifically decreases tissue contractility in stenotic myofibroblasts.
Discussion
These data show that myofibroblasts isolated from stenotic intestinal areas of patients with Crohn's disease displayed a pathological phenotype when compared with myofibroblasts isolated from normal-appearing and inflamed-only areas from the same patient. Intriguingly, the pathologic phenotype depended at least partially on the nature of the surrounding matrix, suggesting modulation of the ECM may alter myofibroblast behavior and thus serve as a potential therapeutic target for stenotic complications of Crohn's disease. For this study, we compared paired samples from within the same patient, and designated these as 'normal', 'inflammation-only' or 'stenotic', based on macroscopic appearance. Although subsequent histological analysis confirmed increased levels of CD3+ cells in 'inflamed-only' and increased ECM deposition in 'stenotic' areas, it has to be acknowledged that Crohn's disease patients display gradients in the level of inflammation and stenosis. As a result, areas designated in this study as 'normal' still contain a certain level of inflammatory cells. In addition, 'stenotic' areas are not only stenotic, but also display considerable levels of inflammation, as is to be expected in these patients. However, despite this gradual rather than black-and-white scale between the different phenotypes, clear phenotypic and functional differences were observed between the three types of myofibroblasts, supporting our selection method in the context of Crohn's disease. Caution has to be exerted when extending these findings to healthy 'normal' tissue [which is likely to contain less inflammatory cells] or non-IBDrelated cases of stenosis.
Earlier studies have aimed at identifying alterations in fibroblasts obtained from strictures in Crohn's disease. For example, increased levels of vascular endothelial growth factor [VEGF] as well as N-Cadherin were described on the protein level. 30, 31 Indeed, we observed increased levels of CDH2 transcript, the gene encoding for N-Cadherin, while we did not observe alterations in VEGF expression. Furthermore, transcriptional profiling was performed earlier, comparing fibroblasts from strictured and non-strictured regions. 32 Although this study did not include macroscopically normal regions from Crohn's disease patients, a number of transcripts upregulated in this study were confirmed in our experiments. Additionally, previous studies reported increased transcription of the matrix-associated cytokine TGFβ, an important cytokine involved in matrix remodeling in stenotic intestinal regions.
14 Interestingly, although total protein levels of TGFb1 did not differ between the various locations [Supplementary figure 2] , upstream analysis of the transcriptome indicated a modestly enhanced TGFb1 activity in inflamed regions and significantly increased activity in stenotic regions [data not shown].
The ECM is a dynamic tissue component undergoing constant remodeling, mediated among others by MMPs. Defective MMP3 secretion due to genetic ablation results in enhanced sensitivity to colitis in a murine model, 33 and Crohn's disease patients carrying a single-nucleotide polymorphism in the gene encoding for MMP3 have a 20% higher risk of developing stenotic complications. 34 Additionally, expression of MMP3 was decreased in mucosa overlying strictured intestine in Crohn's disease, while expression of the MMP inhibitor TIMP1 was increased. 6, 35 Our data show that this defective MMP3 activity is not an intrinsic defect of stenotic myofibroblasts per se, but occurs specifically in the context of a stenotic ECM. The assays used in this study do not differentiate fully between the various MMP family members, but rather are based on conditions favoring one family member over the others. Consequently, we cannot exclude the possibility that the increased activity seen in the MMP3 assays is partly caused by the other stromelysins MMP10 and MMP11. Others have shown earlier that transcription of MMP12 was decreased in myofibroblasts isolated from stenotic regions, independent of the presence of ECM. 6 This may indicate differential regulatory mechanisms between various MMP family members. A recent study described various alterations in DNA methylation patterns in myofibroblasts isolated from stenotic intestine, 36 suggesting intrinsic and potentially long-lasting alterations. This is in line with our findings that some of the aberrancies remain throughout several passages in culture. It has also been shown previously that myofibroblasts isolated from stenotic regions of the small intestine display increased proliferative capacity, 37 whereas we describe increased proliferative capacity in inflamed-only, but not in stenotic myofibroblasts. This difference may be the result of alternatively selected regions, as the former study specifically included regions simultaneously stenosed and inflamed. In our study, the stenotic region did show inflammatory activity, but this was considerably less than in the regions designated as inflamed.
Interestingly, therapeutic application of ECM modulation has been known for decades in a more intuitive form. In dermatology, scar massage is anecdotally effective for the treatment of postsurgical scars. 38 Similarly, intestinal fibrosis is currently treated through balloon endoscopy or surgical strictureplasty. 39 During strictureplasty, the narrowed ileum is incised, thereby relieving local tissue pressure. Despite the fact that local myofibroblasts are left in situ, the recurrence rate at the site of a previous strictureplasty is only 3-10%. 39, 40 Although requiring further study, it is tempting to speculate that, also in this case, the release of local tissue pressures affects myofibroblast behavior.
The effects of mechanical forces on a cellular level have been appreciated in the context of medical therapy only recently. For example, increased ECM deposition and subsequently stiffness within the tumor niche enhances tumor cell survival and promotes malignant progression. 41, 42 In this case, the enhanced ECM deposition is mediated by collagen crosslinking via members of the LOX family. 43 Inhibiting LOX activity in a mouse model for breast carcinoma reduced collagen deposits as well as the number of focal adhesions and subsequently limited tumor progression. 42 In line with this, we observed less intracellular FAK staining after inhibition of LOX. However, direct inhibition of FAK did not alter MMP3 activity, suggesting that tissue stiffness is not [exclusively] translated by integrin-mediated FAK signaling in intestinal stenotic myofibroblasts. Previous studies have indicated the presence of FAK-independent integrin signaling specifically in fibroblasts. 44 Indeed, LOX inhibition as a mode of affecting ECM stiffness has been shown to limit liver fibrosis in vitro as well as in animal models, 45, 46 although it had no benefits in patients with primary sclerosing cholangitis as well as non-alcoholic steatohepatitis. 47, 48 In summary, we showed that myofibroblasts isolated from stenotic ileum were phenotypically and functionally different from those isolated from normal-and inflamed-only-appearing regions in the same patient, mainly with respect to ECM organization and collagen production. Myofibroblasts from stenotic ileum aberrantly suppressed expression of MMP3 in the stiff tissue environment that corresponds to an intestinal stenosis in vivo. Altering the physical properties of the microenvironment by LOX inhibition resulted in a release of MMP3 activity by stenotic myofibroblasts as well as decreased matrix contraction. These data indicate that modulation of the ECM through inhibition of LOX may be an effective antifibrotic therapy in Crohn's disease.
